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(54) Display device 

(57) Disclosed is a display device comprising an op- 
tical waveguide plate (12) for introducing light (10) radi- 
ated from a light source (200) thereinto, in which the dis- 
play gradation is controlled by changing the entering 
amount (t) into an evanescent region (120) existing 
around the back surface of the optical waveguide plate 
(12). In the present invention, an actuator element (14) 
is provided, which makes bending displacement in a di- 
rection to make approach to the optical waveguide plate 
(12) in accordance with voltage application to a pair of 



electrodes (23a, 28b). A plate member (32a) of a dis- 
placement-transmitting section (32) for determining the 
picture element area is provided on the actuator element 
(1 4). The entering amount (t) of the plate member (32a) 
into the evanescent region (120) is changed by control- 
ling voltage application to the actuator element (14) so 
that display gradation of the picture element corre- 
sponding to the actuator element (14) is controiled. Ac- 
cordingly, the time required to perform row scanning is 
drastically shortened, and it is possible to easily deal 
with high quality image display. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention: 

The present invention relates to a display device 
which consumes less electric power, and which has 
large screen brightness. In particular, the present inven- 
tion relates to a display device which is preferable to be 
used for display units for displaying a picture image - 
corresponding to an image signal on an optical 
waveguide plate by controlling leakage light at a prede- 
termined position on the optical waveguide plate by con- 
trolling the displacement action of an actuator element 
in a direction to make contact or separation with respect 
to the optical waveguide plate in accordance with the 
attribute of the image signal to be inputted. 

Description of the Related Art: 

Those hitherto known as the display device include, 
for example, cathode ray tubes (CRT), liquid crystal dis- 
play devices, and plasma displays. 

Those known as the cathode ray tube include, for 
example, ordinary television receivers and monitor units 
for computers. Although the cathode ray tube has a 
bright screen, it consumes a large amount of electric 
power. Further, the cathode ray tube involves a problem 
that the depth of the entire display device is large as 
compared with the size of the screen. Further, for exam- 
ple, the cathode ray tube involves drawbacks in that the 
resolution is decreased in the circumferential areas of a 
display images, the image or the graphic is distorted, 
there is no memory function, and it is impossible to 
present display in a large scale. 

The reason for the foregoing phenomenon is as fol- 
lows. That is, in the case of the cathode ray tube, the 
electron beam emitted from the electron gun is greatly 
deflected. Therefore, the light emission point (beam 
spot) is expanded at portions at which the electron beam 
reaches the fluorescent screen of the Braun tube in an 
inclined manner, and thus the image is displayed in an 
inclined manner. For this reason, strain occurs on the 
display image. Moreover, there is a limit for the mainte- 
nance to keep a large space at the inside of a Braun 
tube to be in a vacuum. 

On the other hand, the liquid crystal display device 
is advantageous in that the entire device can be minia- 
turized, and the display device consumes a small 
amount of electric power. However, the liquid crystal dis- 
play device involves problems in that it is inferior in - 
screen brightness, and the field angle of the screen is 
narrow. Further, since gradational expression is made 
in accordance with the voltage level, there is a drawback 
that the a* angement of the driving circuit becomes ex- 
tremely complicated. 

For example, when a digital data -line is used, its 



driving circuit comprises a latch circuit for retaining com- 
ponent RGB data (each 8 bit) for a predetermined peri- 
od, a voltage selector, a multiplexer for making change 
to provide voltage levels of the type corresponding to 
5 the number of gradations, and an output circuit for add- 
ing output data from the multiplexer to the digital data 
line. In this case, when the number of gradations be- 
comes large, it is necessary for the multiplexer to per- 
form the switching operation at an extremely large 
io number of levels, in accordance with which the circuit 
arrangement becomes complicated. 

When an analog data line is used, its driving circuit 
comprises a shift register for aligning, in the horizontal 
direction, component RGB data (each 8 bit) inputted 
75 successively, a latch circuit for holding parallel data from 
the shift register for a predetermined period, a level shift- 
er for adjusting the voltage level, a D/A converter for 
convening output data from the level shifter into an an- 
alog signal, and an output circuit for adding the output 
20 signal from the D/A converter to the analog data line. In 
this case, an operational amplifier is used in the D/A con- 
verter. Thus, a predetermined voltage corresponding to 
the gradation is obtained. However, when the range of 
gradation becomes wide, it is necessary to use an op- 
25 erational amplifier which outputs a highly accurate volt- 
age. Therefore, such a system involves a drawback that 
the structure becomes complicated, and the price also 
becomes high. 

Since the plasma display has a small volume of its 
30 display section in the same manner as the liquid crystal 
display device. Therefore, the plasma display is advan- 
tageous in that it can be miniaturized, and it is easy to 
recognize the image because of it has a flat display 
screen. Especially, the alternating current type plasma 
3S display additionally has an advantage that no refresh 
memory is required owing to the memory function of the 
cell. 

By the way, in the case of the plasma display de- 
scribed above, in order to allow the cell to possess the 

^0 memory function, it is necessary that the polarity of ap- 
plied voltage is changed in an alternating manner so that 
the discharge is continued. For this reason, it is neces- 
sary for the driving circuit to comprise a first pulse gen- 
erator for generating a sustain pulse in the X direction 

45 and a second pulse generator for generating a sustain 
pulse in the Y direction. For this reason, a problem aris- 
es in that the arrangement of the driving circuit is inev- 
itably complicated. Further, it takes a long time to per- 
form row scanning. Therefore, it is difficult to perform 

50 high speed scanning, and it is difficult to deal with high 
quality image display. 

SUMMARY OF THE INVENTION 

55 The present invention has been made in consider- 

ation of such problems, an object of which is to provide 
a display device in which the time required to perform 
row scanning can be shortened drastically, and it is pos- 
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sible to easily deal with high quality image display. 

Another object of the present invention is to provide 
a display device in which, in addition to the foregoing 
requirement, it is unnecessary to perform, for example, 
complicated voltage change and voltage selection even 
when the range of display gradation is widened, it is pos- 
sible to restrain the number of settings of the use of volt- 
age to the minimum, and it is possible to realize a sim- 
plified arrangement of a peripheral circuit system (in- 
cluding a driving circuit). 

Stifl another object of the present invention is to pro- 
vide a display device in which it is possible to exhibit the 
function as the display by utilizing, at the maximum, the 
memory function of a shape-retaining layer (piezoelec- 
tric/electrostrictive layer and anti-ferroelectric layer) of 
an actuator element for constructing a picture element 
(image pixel), and it is possible to realize stabilization of 
light emission and stabilization of display brightness 
(gradation). 

Still another object of the present invention is to pro- 
vide a display device in which the selection period for a 
picture element is minimized to make it possible to ef- 
fectively reduce electric power consumption. 

According to the present invention, there is provid- 
ed a display device comprising an optical waveguide 
plate* for introducing light radiated from a light source 
thereinto, and a driving section for controlling display 
gradation by changing an entering amount into an eva- 
nescent region which exists around a first principal sur- 
face of the optical waveguide plate. 

According to the present invention, all of the light, 
which is introduced, for example, from a lateral end of 
the optical waveguide plate, is totally reflected at the in- 
side of the optical waveguide plate without being trans- 
mitted through front and back surfaces thereof (light-off 
state) by controlling the magnitude of the refractive in- 
dex of the optical waveguide plate. When any object (for 
example, a light-scattering object) contacts with the first 
principal surface of the optical waveguide plate at a dis- 
tance of not more than the wavelength of light, then the 
light, which has once arrived at the surface of the object, 
is reflected by the surface of the object, and it behaves 
as scattered light. A part of the scattered light is reflected 
again in the optical waveguide plate. However, almost 
all of the scattered light is transmitted through the front 
surface of the optical waveguide plate without being re- 
flected by the optical waveguide plate (light emission 
state). 

In this state, the region (evanescent region) brought 
about by the discharge of light (evanescent wave) exists 
around the first principal surface of the optical 
waveguide plate. The light energy in this evanescent re- 
gion (evanescent wave energy) becomes large, as the 
object approaches the boundary surface between. the 
optical waveguide plate and the external space, and the 
light energy is exponentially attenuated, as the object is 
separated from the boundary surface. 

When the object (light-scattering object or the like) 



is allowed to enter the evanescent region, the light emis- 
sion amount (brightness) is increased in accordance 
with the increase of the entering amount. That is, the 
display gradation can be controlled by changing the en- 
s tering amount into the evanescent region. 

In the present invention, it is sufficient to only move 
the object in the direction to make approach and sepa- 
ration with respect to the optical waveguide plate at the 
point of time to start display of an image. Accordingly, it 
io is possible to drastically reduce the time required to per- 
form row scanning, and it is possible to easily deal with 
high quality image display. 

In a preferred embodiment, the driving section is 
provided with actuator elements arranged opposingly to 
is the first principal surface of the optical waveguide plate, 
and having a number corresponding to a large number 
of picture elements; wherein a picture image corre- 
sponding to an image signal is displayed on the optical 
waveguide plate, by controlling leakage light at a prede- 
20 termined portion of the optical waveguide plate by con- 
trolling displacement action of each of the actuator ele- 
ments in a direction to make contact or separation with 
respect to the optical waveguide plate in accordance 
with an attribute of the image signal to be inputted. In 
25 another aspect, the display device according to the 
~ present invention may comprise an optical waveguide 
plate for introducing light thereinto, a large number of 
actuator elements provided opposingly to one plate sur- 
face of the optical waveguide plate and disposed'corre- 
30 spending to a large number of picture elements, a dis- 
placement-transmitting section for transmitting dis- 
placement action of the actuator element to the optical 
waveguide plate, and a driving section for controlling 
display gradation by changing a contact area and a con- 
35 tact property of the displacement-transmitting section in 
accordance with the displacement action performed by 
the actuator element. 

In this embodiment, when the actuator element 
makes displacement in the first direction by the aid of 
40 the driving section, and the displacement-transmitting 
section approaches the first principal surface of the op- 
tical waveguide plate, then in general, a part of the sur- 
face (the surface opposing to the first principal surface 
of the optical waveguide plate) of the displacement- 
's transmitting section contacts with the first principal sur- 
face of the optical waveguide plate, and the contact area 
between the optical waveguide plate and the surface of 
the displacement-transmitting section is increased in 
accordance with the increase of the displacement 
so amount of the actuator element. When the area of the 
contact portion is increased, then the amount of light 
(scattered light), which is reflected by the surface of the 
displacement-transmitting section, is increased, and the 
brightness level of the picture element corresponding to 
55 the actuator element becomes high. On the contrary, 
when the displacement amount of the actuator element 
is decreased by the driving section, and the displace- 
ment-transmitting section is separated from the optical 
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waveguide plate, then the brightness level of the picture 
element is decreased depending on the width of sepa- 
ration. In other words, the display gradation for the pic- 
ture element can be controlled by means of the displace- 
ment operation effected for the actuator element by the s 
driving section. 

It is preferable in the inventions described above 
that the display device comprises a first driving circuit 
for selecting the actuator element at least in one row 
unit, a second driving circuit for outputting display infor- 10 
mation for a selected row, and a signal control circuit for 
controlling the first and second driving circuits; wherein 
the first and second driving circuits are controlled so that 
gradation is controlled at least by means of the voltage 
modulation system by using the signal control circuit. is 

Accordingly, owing to the control performed by the 
signal control circuit, the first driving circuit selects the 
actuator element (picture element) at least in one row 
unit, and the second driving circuit outputs display infor- 
mation to each of the picture elements on a selected row 20 
(row subjected to the selection). At this time, the first 
and second driving circuits are controlled by the aid of 
the signal control circuit so that the display given by each 
of the picture elements is expressed in gradation at least 
in accordance with the voltage modulation system. 25 

In the present invention, it is desirable that the first 
and second driving circuits have the following features. 

(1 ) The actuator element undergoes the capacitive 
load. Therefore, considering the fact that the capac- 30 
itive load is subjected to the driving, it is desirable 
that the partial voltage ratio, which is applied to the 
capacitive load, is not less than 50%, for example, 

at the time of completion of voltage (ON voltage) 
application for allowing the actuator element to 35 
make the bending displacement. 

(2) In order to obtain an displacement amount of the 
actuator element which makes it possible to ex- 
press the ON state and the OFF state of the picture 
element, it is desirable that an voltage output of not 40 
less than 20 V can be provided. 

(3) It is desirable to consider the fact that the direc- 
tion of the output current is recognized to be bidi- 
rectional. 

(4) It is desirable that the load concerning the two- 45 
electrode structure in the row direction and the col- 
umn direction can be subjected to the driving. 

It is desirable for the display device constructed as 
described above that the actuator element comprises a so 
shape-retaining layer, an operating section having at 
least a pair of electrodes formed on the shape-retaining 
layer, a vibrating section for supporting the operating 
section, and a fixed section for supporting the vibrating 
section in a vibrating manner wherein the driving sec- ss 
tion comprises a displacement-transmitting section for 
transmitting the displacement action of the actuator el- 
ement to the optical waveguide plate, the displacement 



action being generated by voltage application to the pair 
of electrodes. 

In the present invention, the term "actuator element 
having the shape-retaining layer" indicates an actuator 
element which has at least two or more displacement 
states at an identical voltage level. 

Accordingly, all of the light, which is introduced, for 
example, from the end of the optical waveguide plate, 
is totally reflected at the inside of the optical waveguide 
plate without being transmitted through the front and 
back surfaces of the optical waveguide plate (OFF 
state), by regulating the magnitude of the refractive in- 
dex of the optical waveguide plate. In this state, when 
the displacement-transmitting section contacts with the 
first principal surface of the optical waveguide plate at 
a distance of not more than the wavelength of the light, 
then the light, which has once reached the surface of 
the displacement-transmitting section, is reflected by 
the surface of the displacement-transmitting section, 
and the light behaves as scattered light. A part of the 
scattered light is reflected again at the inside of the op- 
tical waveguide plate. However, almost all of the scat- 
tered light is not reflected by the optical waveguide plate, 
and the light is transmitted through the front surface of 
the optical waveguide plate (ON state). 

As described above, it is possible to control the 
presence or absence of light emission (leakage light) at 
the front surface of the optical waveguide plate, depend- 
ing on the presence or absence of the contact of the 
displacement-transmitting section disposed at the back 
of the optical waveguide plate. In this case, one unit for 
allowing the displacement-transmitting section to make 
displacement action in the direction to give contact or 
separation with respect to the optical waveguide plate 
may be regarded as one picture element. Thus, a picture 
image (for example, characters and graphics) corre- 
sponding to an image signal can be displayed on the 
front surface of the optical waveguide plate in the same 
manner as the cathode ray tube and the liquid crystal 
display device, by arranging a large number of such pic- 
ture elements in a matrix form, and controlling the dis- 
placement action of each of the picture elements in ac- 
cordance with an attribute of the inputted image signal. 

The actuator element having the shape-retaining 
layer has the following features. 

(1) The threshold characteristic concerning the 
change from the OFF state to the ON state is steep 
as compared with the case in which no shape-re- 
taining layer exists. Accordingly, it is possible to nar- 
row the deflection width of the voltage, and it is pos- 
sible to mitigate the load on the circuit. 

(2) The difference between the ON state and the 
OFF state is distinct, resulting in improvement in 
contrast. 

(3) The dispersion of threshold value is decreased, . 
and an enough margin is provided for the voltage 
setting range. 
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It is desirable to use, as the actuator element, an 
actuator element which makes, for example, upward 
displacement (giving the separated state upon no volt- 
age load and giving the contact state upon voltage ap- 
plication) because of easiness of control. Especially, it 
is desirable to use an actuator element having a struc- 
ture including a pair of electrodes on its surface. It is 
preferable to use, for example, a piezoelectric/electros- 
trictive layer and an anti-ferroelectric layer as the shape- 
retaining layer. 

In the display device constructed as described 
above, it is preferable that the voltage, which is applied 
by the aid of the second driving circuit, is subjected to 
analog control depending on display gradation by using 
the signal control circuit upon selection for the actuator 
element 

Especially, when a still image is displayed on a dis- 
play surface of the optical waveguide plate, it is prefer- 
able that a refresh voltage, which is subjected to analog 
adjustment in accordance with a display image, is ap- 
plied to each of the actuator elements by the aid of the 
second driving circuit upon completion of a minimum still 
image display period. 

In this embodiment, the periodical application of the 
refresh voltage to each of the actuator elements re- 
storesthe displacement state of each of the actuator el- 
ements to its gradations I level. Therefore, it is possible 
to maintain the display of the still image for a period not 
shorter than the minimum still image display period. Ac- 
cordingly, the display device of the present invention is 
preferably used, for example, for a so-called electronic 
poster as one of examples of application of the still im- 
age display. 

In another embodiment, it is preferable that upon 
selection for the actuator element, a number of times of 
application of minute pulse signals applied by the aid of 
the second driving circuit is changed in accordance with 
display. gradation by using the signal control circuit. 

In this embodiment, it is sufficient to only apply the 
minute pulse signal to the actuator element in an amount 
corresponding to its gradation upon the point of time to 
start image display. Accordingly, it is possible to perform 
row scanning at an extremely high speed. Thus, it is pos- 
sible to easily deal with high quality image display. 

Especially, it is unnecessary to use any D/A con- 
verter which would be otherwise used to convert digital 
data into an analog signal. Moreover, it is unnecessary 
to perform, for example, any complicated voltage 
change and voltage selection, even when the range of 
display gradation is widened. Therefore, it is possible to 
suppress, to the minimum, the number of settings of the 
voltage to be used. Thus, it is possible to realize simpli- 
fication of the arrangement of the peripheral circuit sys- 
tem (including the driving circuit). 

It is preferable that a pulse width and/or an ampli- 
tude of the minute pulse signal is set while considering 
maximum display gradation. Alternatively, it is prefera- 
ble that a pulse width and/or an amplitude of the minute 



pulse signal is set depending on a wavelength of the 
light introduced into the optical waveguide plate. 

In another embodiment, it is preferable that an an- 
gle of incidence of the light with respect to the optical 
5 waveguide plate is set depending on a wavelength of 
the light introduced into the optical waveguide plate. 

in general: the depth of the evanescent region (the 
depth at which the energy value of the evanescent wave 
is 1/e at the boundary between the optical waveguide 
10 plate and the external space) is increased in accordance 
with the increase of the wavelength of the light, while 
the depth of the evanescent region is decreased in ac- 
cordance with the increase of the angle of incidence of 
light with respect to the optical waveguide plate. Accord- 
1$ ing to this fact, assuming that red, green, and blue light 
fluxes are introduced from a light source, the respective 
light fluxes have different wavelengths. Therefore, the 
respective light fluxes have different depths of the eva- 
nescent region and different energy distributions of the 
evanescent wave. 

However, in the present invention, the angle of in- 
cidence is changed depending on the wavelength of 
light introduced into the optical waveguide plate. There- 
fore, it is possible to obtain an approximately identical 
energy distribution of the evanescent wave for the re- 
spective light fluxes. Thus, it is possible to effectively 
correct dispersion of brightness among the respective 
light fluxes. 

When a still image is displayed on a display surface 
of the optical waveguide plate, it is preferable that a re- 
fresh pulse comprising at least one of the minute pulse 
signals is applied to each of the actuator elements by 
the aid of th e second driving circuit upon completion of 
the minimum still image display period. 

In this embodiment, the periodical application of the 
refresh pulse to each of the actuator elements restores 
the displacement state of each of the actuator elements 
to its gradational level. Therefore, it is possible to main- 
t ain the display of the still image for a period not shorter 
t han the minimum still image display period . According- 
ly, the display device of the present invention is prefer- 
ably used, for example, for a so-called electronic poster 
as one of examples of application of the still image dis- 
play. 

In another embodiment, when an animation image 
is displayed on a display surface of the optical 
w aveguide plate, it is preferable that assuming that a 
period to display one image of the animation image is 
one field, a reset voltage, which is sufficient to reset dis- 
placement of the actuator element, is applied by the aid 
of the second driving circdit upon completion of each 
field. 

In this embodiment, only the following operation is 
performed. That is, the minute pulse signal is applied in 
a number of times corresponding to the gradation at the 
point of time at which one field is started, and the reset 
voltage is applied upon the point of time at which one 
field is completed. It is unnecessary to apply any voltage 
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or the like to the actuator element during the period be- 
tween the start and the completion. Therefore, it is pos- 
sible to greatly reduce electric power consumption re- 
quired to drive the actuator element, and it is possible 
to provide enough time for signal processing. Thus, it is 
possible to easily respond to evolution to more high 
speed processing, for example, display of high-defini- 
tion television images and display of computer graphics. 

The above and other objects, features and advan- 
tages of the present invention will become more appar- 
ent from the following description when taken in con- 
junction with the accompanying drawings in which apre- 
ferred embodiment of the present invention is shown by 
way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a cross-sectional arrangement illus- 
trating a display device according to an embodiment of 
the present invention. 

FIG. 2 shows an enlarged plan view illustrating an 
arrangement of actuator elements (picture elements or 
image pixels) included in a display device according to 
an embodiment of the present invention, 

FIG. 3 shows a plan view illustrating a planar con- 
figuration (spiral configuration) of a pair of electrodes 
included in a display device according to an embodi- 
ment of the present invention. 

FIG. 4 shows a plan view illustrating a planar con- 
figuration (branched configuration) of a pair of elec- 
trodes included in a display device according to an em- 
bodiment of the present invention. 

FIG. 5 shows a plan view illustrating a planar con- 
figuration (oblong configuration, spiral configuration) of 
a vibrating section, a shape-retaining layer, and a pair 
of electrodes included in a display device according to 
an embodiment of the present invention. 

FIG. 6 shows a plan view illustrating a planar con- 
figuration (oblong configuration, branched configura- 
tion) of a vibrating section, a shape-retaining layer, and 
a pair of electrodes included in a display device accord- 
ing to an embodiment of the present invention. 

FIG. 7 shows an enlarged plan view illustrating an- 
other exemplary arrangement of actuator elements (pic- 
ture elements) included in a display device according to 
an embodiment of the present invention. 

FIG. 8 shows an enlarged plan view illustrating an- 
other exemplary arrangement of actuator elements (pic- 
ture elements) included in a display device according to 
an embodiment of the present invention. 

FIG. 9 shows an enlarged plan view illustrating an- 
other exemplary arrangement of actuator elements (pic- 
ture elements) included in a display device according to 
an embodiment of the present invention. 

FIG. 10 shows a bending displacement character- 
istic of the actuator element (picture elements) included 
in the display device according to the embodiment of the 
present invention. 
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FIG. 11 shows an arrangement of peripheral circuits 
for the display device according to the embodiment of 
the present invention. 

FIG. 12 shows a timing chart for explaining a first 
driving system for the display device according to the 
embodiment of the present invention. 

FIG. 13 shows a displacement characteristic of the 
actuator element for explaining gradation control based 
on the first driving system 

FIG. 14 illustrates the principle of gradation control 
based on the dot area and the contact property of the 
picture element and the evanescent effect. 

FIG. 15A shows a timing chart illustrating a period 
(one field) for displaying one image of an animation im- 
age. 

FIG. 15B shows a timing chart for explaining the 
minimum still image display period. 
„ _ FIG. 16A shows a timing chart illustrating an exam- 
ple in which a driving signal is supplied in one row unit 
to a picture element group included in a certain column. 

FIG. 16B shows a waveform concerning a case in 
which the driving signal is supplied to the actuator ele- 
ment (picture element) on an arbitrary row included in 
the column. 

FIG. 16C shows the change in display brightness 
obtained when the driving signal is supplied. - 

FIG. 17A shows a waveform illustrating the applied 
voltage and the timing of application for the minute pulse 
and the reset pulse, based on a second driving system. 

FIG. 17B shows a distribution of light emission in- 
tensity obtained when the voltage shown in FIG. 17A is 
applied. 

FIG. 18 shows characteristic curves illustrating the 
change in displacement amount (offset amount) of the 
actuator element with respect to the number of minute 
pulses. 

FIG. 19 shows a timing chart concerning a case in 
which an animation image is displayed in accordance 
with the second driving system. 

FIG. 20 shows a cross-sectional arrangement illus- 
trating a first modified embodiment of the display device 
according to the embodiment of the present invention. 

FIG. 21 shows a cross-sectional arrangement illus- 
trating a second modified embodiment of the display de- 
vice according to the embodiment of the present inven- 
tion. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Illustrative embodiments of the display device ac- 
cording to the present invention (hereinafter simply re- 
ferred to as "display device according to the embodi- 
ment") will be described below with reference to FIGs. 
1 to 21. 

As shown in FIG. 1, a display device D according 
to the this embodiment comprises an optical waveguide 
pjgte 1 g,for introducing light 10 radiated from a light 
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s ource 200 thereint o, and a driving section 1 6 provided 
o pposingly to the back surface of the optical waveguide 
pJate__L2 and including a large nu mber of actuator ele - 
ments 14_whi ch are arranged corresponding to picture 
ejem en tsj imaq e pixels). The driving section 16 includes 
a substrate 18 composed of, for example, a ceramic. 
The actuator elements 1 4 are arranged at positions cor- 
responding to the respective picture elements on the 
substrate 13. The substrate 18 has its first principal sur- 
face which is arranged to oppose to the back surface of 
the optical waveguide Plate Iff . The first principal sur- 
face is a continuous surface (flushed surface). Hollow 
spaces 20 for forming respective vibrating sections as 
descibod utc on are provided at positions correspond- 
ing to tr c respective picture elements at the inside of 
the s jt>t tr. iic i e I ho respective hollow spaces 20 com- 
munist? *itn mc ojtside via through holes 18a each 
having m <_,r-vii demote and provided at a second prin- 
cipal sum.icc oi the substrate 18. 

Trie po*iK_rt cf itn: substrate 18, at which the hollow 
space 20 ^ to mc-d is Oiin-walled. The other portion of 
the substrate *c rs thick -walled. The thin-walled portion 
has a structure which tends to undergo vibration in re- 
sponse to cxtcrn.it sifcss, and it functions as a vibrating 
section 22 The porton other than the hollow space 20 
is thick-waiiod and it functions as a fixed section 24 for 
supporting the vibrating section 22. 

That is the substrate 18 has a stacked structure 
comprising a substrate layer 18A as a lowermost layer, 
a spacer layer leB as an intermediate layer, and a thin 
plate layer 18C as an uppermost layer. The substrate 
18 can be recognized as an integrated structure includ- 
ing the hollow spaces 20 formed at the positions in the 
spacer layer 1 8B corresponding to the picture elements. 
The substrate layer 18A functions as a substrate for re- 
inforcement, as well as it functions as a substrate for 
wiring. The substrate 18 may be sintered in an integrat- 
ed manner, or it may be additionally attached. 

As shown in FIG. 1, each of the actuator elements 
1 4 comprises the v ibrating section 22 and the fixed^sec- 
t jon 24 described above, as well as a main actuator el- 
ement 30 including a shape-retaining layer 26 com- 
posed of, for example, a piezoelectric/electrostrictive 
layer or an anti-ferroelectric layer directly formed on the 
vibrating section 22 and a pair of electrodes 28 (a row 
electrode 28a and a column electrode 28b) formed on 
an upper surface of the shape-retaining layer 26, and a 
displacement-transmitting section 32 connected onto 
the main actuator element 30 as shown in FIG. 1, for 
increasing the contact area with respect to the optical 
waveguide plate 1 2 to obtain an area corresponding to 
the picture element. 

That is, the display device D has the structure in 
which the main actuator elements 30 comprising the 
shape-retaining layers 26 and the pairs of electrodes 28 
are formed on the substrate 18. The pair of electrodes 
28 may have a structure in which they are formed on 
upper and lower sides of the shape-retaining layer 26, 



or they are formed on only one side of the shape-retain- 
ing layer 26. However, in order to advantageously joint 
the substrate 18 and the shape-retaining layer 26, it is 
preferable that the pair of electrodes 28 are formed only 
5 on the upper side (the side opposite to the substrate 18) 
of the shape-retaining layer 26 so that the substrate 18 
directly contacts with the shape-retaining layer 26 with- 
out any difference in height, as in the display device D. 
The shapes of the respective members will be ex- 
10 plained below with reference to FIGs. 2 to 10. At first, 
as shown in FIG. 2, the hollow space 20, which is formed 
in the substrate 18, has a circular circumferential super- 
ficial configuration, i.e., the vibrating section 22 has a 
circular planar configuration (see broken lines). The 
is shape-retaining layer 26 has a circular planar configu- 
ration (see chain lines). The pair of electrodes 28 form 
an outer circumferential configuration which is circular 
as well (see solid lines). In this embodiment, the vibrat- 
ing section 22 is designed to have the largest size. The 
20 outer circumferential configuration of the pair of elec- 
trodes 28 is designed to have the second largest size. 
The planar configuration of the shape-retaining layer 26 
is designed to have the smallest size. Alternatively, it is 
allowable to make design so that the outer circumf eren- 
25 tial configuration of the pair of electrodes 28 is largest. 

The pair of electrodes 28 (row electrodes 28a and 
column electrodes 28b) formed on the shape-retaining 
layer 26 have, for example, a spiral planar configuration 
as shown in FIG. 3, in which the pair of electrodes 28a, 
30 28b are parallel to one another and separated from each 
other to form a spiral structure composed of several 
turns. The number of turns of the spiral is actually not 
less than 5 turns. However, FIG. 3 illustratively shows 3 
turns in order to avoid complicated illustration. 
35 As shown in FIG. 2, the wiring arrangement com- 
municating with the respective electrodes 28a, 28b in- 
cludes vertical selection lines 40 having a number cor- 
responding to a number of rows of a large number of the 
picture elements, and signal lines 42 having a number 
40 corresponding to a number of columns of the large 
number of the picture elements. Each of the vertical se- 
lection lines 40 is electrically connected to the row elec- 
trode 28a of each of the picture elements (actuator ele- 
ments 14, see FIG. 1). Each of the signal lines 42 is 
45 electrically connected to the column electrode 28b of 
each of the picture elements 14. The respective vertical 
selection lines 40, which are included in one row, are 
wired in series such that the wiring is led from the row 
electrode 28a provided for the picture element in the 
so previous column, and then the wiring is connected to the 
row electrode 28a provided for the picture element in 
the present column. The signal line 42 comprises a main 
line 42a extending in the direction of the column, and 
branch lines 42b branched from the main line 42a and 
55 connected to the column electrode 28b of each of the 
picture elements 14. 

The voltage signal is supplied to the respective ver- 
tical selection lines 40 from an unillustrated wiring board 
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(stuck to the second principal surface of the substrate 
1 8) via through holes 44. The voltage signal is also sup- 
plied to the respective signal lines 42 from the unillus- 
trated wiring board via through holes 46. 

Various arrangement patterns may be assumed for 
the through holes 44, 46. However, in the illustrative ar- 
rangement shown in FIG. 2, the through holes 44 for the 
vertical selection lines 40 are formed as follows provided 
that the number of rows is M, and the n umber of columns 
is N. In the case of N = M or N > M, the through hole 44 
is formed in the vicinity of a picture element in the nth 
row and nth column (n = 1, 2...) and at a position devi- 
ated toward the signal line (main line) in the (n-1)th col- 
umn. In the case of N < M, the through hole 44 is formed 
in the vicinity of a picture element in the (aN+n)th row 
and nth column (a = 0, 1 ... (quotient of M/N - 1 )) and at 
a position deviated toward the signal line (main line) in 
the (n-l)th column. 

On the other hand, the through holes 46 for the sig- 
nal lines 42 are formed as follows. In the case of N = M 
or N < M, the through hole 46 is formed on the main line 
42a of each of the signal lines 42 and at a position ad- 
jacent to a picture element in the nth row and nth column 
(n = 1, 2...). In the case of N > M, the through hole 46 is 
formed on the main line 42a of each of the signal lines 
42 and at a position adjacent to a picture element in the 
nth row and (PM+n)th column (P = 0, 1 ... (quotient of N/ 
M - 1)). The through hole 44 for the vertical selection 
line 40 is not formed on the vertical selection line 40, 
unlike the through hole 46 for the signal line 42. Accord- 
ingly, a relay conductor 48 is formed between the 
through hole 44 and the row electrode 28a, for making 
electric continuity therebetween. 

Insulative films 50 (shown by two-dot chain lines), 
each of which is composed of, for example, a silicon ox- 
ide film, a glass film, or a resin film, are allowed to inter- 
vene at portions of intersection between the respective 
vertical selection lines 40 and the respective signal lines 
42, in order to ensure insulation between the mutual wir- 
ing arrangements 40, 42. 

The planar configuration of the pair of electrodes 28 
is not limited to the spiral configuration as shown in FIG. 
3. The planar configuration may be a configuration as 
shown in FIG. 4. Specifically, each of the pair of elec- 
trodes 28a, 28b has a configuration composed of a trunk 
52, 54 which extends toward the center of the shape- 
retaining layer 26, arid a lot of branches 56 ; 58 branched 
from the trunk 52, 54. In this configuration, the pair of 
electrodes 28a, 28b are separated from each other and 
arranged complementarily (hereinafter referred to as 
"branched configuration" for convenience). 

The display device D constructed as described 
above has been explained as one having the circular 
planar configuration of the vibrating section 22 , ttie^cir- 
cujar pla nar configuration of the shape-retaining layer 
26, and the^circular outer circumferential configuration 
formed by the pair of electrodes 28. Alternatively, it is 
also preferable to use oblong configurations (track con- 
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figurations) as shown in FIGs. 5 and 6, and an elliptic 
configuration as shown in FIG. 7. 

Further alternatively, both of the planar configura- 
tion of the vibraliQ Q^section 22 and the planar configu- 
ration of the shape^retainmg layer 26 may be rectangu- 
lar configurations with smoothed corners as shown in 
FIG. 8. Further alternatively, both of the planar configu- 
ration of the vibrating section 22 and the planar config- 
uration of the shape-retaining layer 26 may be polygonal 
configurations (for example, octagonal configurations) 
with respective apex angle portions having rounded 
shapes as shown in FIG. 9. 

The configuration of the vibrating section 22, the 
planar configuration of the shape-retaining layer 26, and 
the outer circumferential configuration formed by the 
pair of electrodes 28 may be combinations of circular 
and elliptic configurations, or combinations of rectangu- 
lar and elliptic configurations, without any special limi- 
tation. Although not shown, those preferably adopted as 
the planar configuration of the shape-retaining layer 26 
include a ring-shaped configuration. In this case, those 
usable as the outer circumferential configuration include 
various ones such as circular, elliptic, and rectangular 
configurations. The ring-shaped planar configuration of 
the shape-retaining layer 26 makes it unnecessary to 
form any electrode on the hollow portion. Therefore, it 
is possible to decrease the electrostatic capacity without 
decreasing the displacement amount. 

In the illustrative arrangements shown in FIGs. 2, 
8, and 9, the respective actuator elements 14 (picture 
elements) are illustratively arranged in the matrix form 
on the substrate 18. Alternatively, as shown in FIG. 7, 
the picture elements (actuator elements) 14 may be ar- 
ranged in a zigzag form with respect to the respective 
rows. In the case of the arrangement pattern shown in 
FIG. 7, the actuator elements (picture elements) 14 are 
arranged in the zigzag form in relation to the respective 
rows. Accordingly, the line (indicated by a chain line a) 
connecting through the vertical selection lines 40 re- 
spectively has a zigzag form in relation to each of the 
rows. The signal lines 42 have a wiring pattern as shown 
by broken lines b wired on the unillustrated wiring board, 
in which the picture elements 14 arranged in the zigzag 
form are divided, for example, into a group of picture 
elements (actuator elements) 14 located vertically up- 
wardly and a group of picture elements (actuator ele- 
ments) 1 4 located vertically downwardly, and two signal 
lines 42 are wired mutually adjacently at positions cor- 
responding to the former and latter groups of picture el- 
ements. In FIG. 7, the picture elements arranged in the 
zigzag form are wired as follows. Namely, for example, 
the column electrode 28b of the picture element (actu- 
ator element) 14 located vertically upwardly is electri- 
cally connected to the right signal line 42 of the mutually 
adjacent two signal lines 42, 42, via a relay conductor 
60 and a through hole 62. The column electrode 28b of 
the picture element (actuator element) 14 located verti- 
cally downwardly is electrically connected to the left sig- 
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nal line 42 of the mutually adjacent two signal lines 42, 
42, via a relay conductor 64 and a through hole 66. 

Next, the operation of the display device D con- 
structed as described above will be briefly described 
with reference to FIG. 1. At first, the light 10 is intro- 
duced, for example, from the end portion of the optica l 
waveguide elate 1£ In this embodiment, all of the light 
1D istotally reflected at the inside of the optical 
waveguide plate 12 without being transmitted through 
the front and back surfaces thereof by controlling the 
magnitude of the refractive index of the optical 
waveguide plate 1 2. tn this state, when a certain actua- 
tor element 1 4 is in the selected state, and the displace- 
ment-transmitting section 32 corresponding to the actu- 
ator element 14 contacts, at a distance of not more than 
the wavelength of light 10, with the back surface of the 
optical waveguide plate 42, then the light 10, which has 
once arrived at the surface of the displacement-trans- 
mitting section 32, is reflected by the surface of the dis- 
placement-transmitting section 32, and it behaves as 
scattered light 70. A part of the scattered light 70 is re- 
flected again in the optical waveguide plate 12. Howev- 
er, almost all of the scattered light 70 is not reflected by 
the optical waveguide plate 12 : and it is transmitted 
through the front surface of the optical waveguide plate 
"12. 

That is, the presence or absence of light emission 
(leakage light) at the front surface of the optical 
waveguide plate 1 2 can be controlled depending on the 
presence or absence of the contact of the displacement- 
transmitting section 32 disposed at the back of the op- 
tical waveguide plate 12. Especially, in the display de- 
vice D according to the this embodiment, one unit for 
making the displacement action of the displacement- 
transmitting section 32 in the direction to make contact 

or Sftpq ration with rasipnciJntho np\\r^\ w aveguide Plate 

12 may be recognized asjane picture elemen t- A large 
number of the picture elements are arranged in a matrix 
configuration or in a zigzag configuration concerning the 
respective rows. Therefore, it is possible todisplay a pic- 
ture image (characters and graphics) corresponding to 
the image signal on the front surface of the optical 
waveguide plate in the same manner as the cathode ray 
tube, the liquid crystal display device, and the plasma 
display, by controlling the displacement action in each 
of the picture elements in accordance with the attribute 
of the inputted image signal. 

The light 10 to be introduced into the optical 
waveguide plate 12 may be any one of those of ultravi- 
olet, visible, and infrared regions. Those usable as the 
light jsQurcft PQQ include, for example, incandescent 
lamp, deuterium discharge lamp, fluorescent lamp, mer- 
cury lamp, metal halide lamp, halogen lamp, xenon 
lamp, tritium lamp, light emitting diode, laser, plasma 
light source, hot cathode tube, and cold cathode tube. 

Next, the principle of operation effected in the re- 
spective actuator elements 14 when the piezoelectric 
layer is used as the shape-retaining layer 26 will be ex- 



plained on the basis of the bending displacement char- 
acteristic shown in FIG. 10. The bending displacement 
characteristic shown in FIG. 10 is obtained by applying 
a voltage between the row electrode 26a and the column 

s electrode 28b of the actuator element 14 to perform a 
polarization treatment for the shape-retaining layer 26, 
and then observing the bending displacement of the ac- 
tuator element 14 while continuously changing the volt- 
age applied to the actuator element 14. In this embodi- 

10 ment, as shown in FIG. 1. the direction of bending dis- 
placement is positive when the actuator element 14 
makes bending displacement in a first direction (direc- 
tion to make approach to the optical waveguide plate 
12). 

15 The measurement of the bending displacement 
characteristic will be specifically explained with refer- 
ence to an example. At first, when a voltage is applied 
between the row electrode 28a and the column elec- 
trode 28b to perform the polarization treatment for the 

20 shape-retaining layer 26, an electric field in the positive 
direction is generated in the superficial direction around 
the first principal surface of the shape-retaining layer 26. 
A voltage, which exceeds the range of use of the voltage 
(Vr toVh) usable to operate the actuator element 14 of 

25 the display device D, is applied, for example, for 7 hours 
at ah appropriate temperature. Thus : the polarization 
treatment is achieved in the same direction as that of 
the generated electric field. 

After that, the voltage application between the row 

30 electrode 28a and the column electrode 28b is stopped 
to give a no-voltage-loaded state. Simultaneously with 
the start of measurement, a sine wave having a frequen- 
cy of 1 Hz, a positive peak voltage of Vh, and a negative 
peak voltage of Vr is applied between the row electrode 

35 28a and the column electrode 28b of the actuator ele- 
ment 14. The displacement amount is continuously 
measured at respective points (Point A to Point H) by 
using a laser displacement meter. FIG. 10 shows a 
bending displacement characteristic obtained by plot- 

40 ting results of the measurement on a graph of electric 
field-bending displacement. As indicated by arrows in 
FIG. 10, the displacement amount of the bending dis- 
placement continuously changes in accordance with 
continuous increase and decrease in applied voltage 

45 while providing a certain degree of hysteresis. 

Specifically, it is assumed that the measurement is 
started from a no-voltage-loaded state (applied voltage 
= 0 V) indicated by Point B. At Point B, only a uniform 
electric field, which is caused by the polarization treat- 

50 ment, is generated in the shape-retaining layer 26. 
Therefore, no elongation occurs in the shape-retaining 
layer 26, and the displacement-transmitting section 32 
and the o ptical waveguide plate 12 ar? in r! p^pasateefc 
staia, i.e., in the OFF state. • 

55 Next, when the positive peak voltage (Vh) is applied 
between the row electrode 28a and the column elec- 
trode 28b o f the actuator element 14, the actuator ele- 
ment 14 makes bending displacement in the first direc- 
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tion (the direction to make approach to the optical 
waveguide plate 12) as shown by Point E. The convex 
displacement of the actuator element 14 allows the dis- 
placement-transmitting section 32 to make displace- 
ment toward the optical waveguide plate 1 2, and the dis- s 
placement-transmitting section 32 contacts with the op- 
tical waveguide plate 12. 

The displacement-transmitting section 32 contacts 
with the back surface of the optical waveguide plate 12 
in response to the bending displacement of the main ac- 10 
tuator element 30. When the displacement-transmitting 
section 32 contacts with the back surface of the optical 
waveguide plate 1 2, for example, the light 1 0, which has 
been touiiy reflected in the optical waveguide plate 12, 
is transmitted through the back surface of the optical is 
wavequoc putc 12 and it is transmitted to the surface 
of the aiopi.tccmcnKrrinsmitting section 32. The light 10 
is rejectee: d> the surtnee of the displacement-transmit- 
ting sec- >or X: Accordingly, the picture element corre- 
sponding to Uic r*;iu^icr element 14 is in the ON state. 20 

Thu-.u^pirtcuttvit i/nnsmitting section 32 is provid- 
ed to re'lect trc iqfr transmitted through the back sur- 
face of the opt oil waveguide plate 12, and it is provided 
to increase the contact area with respect to the optical 
wavcgu.de putc 1 2 to be not less than a predetermined 25 
size. That is tho tignt emission area is determined by 
the contact hi cn between the displacement-transmitting 
section 32 nnd the optical waveguide plate 12. 

In the rlisplny device D described above, the dis- 
placement-transmitting section 32 includes the plate 30 
member 32a for determining the substantial light emis- 
sion area, and the displacement-transmitting member 
32b for transmitting the displacement of the actuator el- 
ement 14 to the plate member 32a. 

It is preferable that portions other than the plate 35 
member 32a which makes contact with the optical 
waveguide plate 1 2 are covered with a black matrix. Es- 
pecially, it is preferable to use, for example, a metal film 
such as those made of Cr, Al, Ni, and Ag as the black 
matrix, because of the following reason. That is, such a 40 
metal film absorbs a small amount of light and hence it 
is possible to suppress attenuation and scattering of the 
light transmitted through the optical waveguide plate 1 2. 
Therefore, such a metal film is used especially prefera- 
bly. 45 

Next, when the voltage application to the pair of 
electrode 28a, 28b of the actuator element 1 4 is stopped 
to give the no-voltage-loaded state, the actuator ele- 
ment 1 4 intends to make restoration from the convex 
state to the original state (state indicated by Point B). so 
However, due to the hysteresis characteristic, the actu- 
ator element 14 does not undergo complete restoration 
to the state of Point B, and it gives a state in which it is 
slightly displaced in the first direction from Point B (state 
indicated by Point H). In this state, the displacement- 55 
transmitting section 32 and the optical waveguide plate 
1 2 are in a state in which they are separated from each 
other, i.e., in the OFF state. 



Next, when the negative peak voltage (Vr) is applied 
between the pair of electrode 23a, 28b of the actuator 
element 14, then the slight displacement in the first di- 
rection in the no-voitage-loaded state is counteracted, 
and the actuator element 14 completely makes restora- 
tion to the original state. 

Therefore, as understood from the bending dis- 
placement characteristic shown in FIG. 10, the positive 
peak voltage Vh can be defined as the operation volt- 
age, and the negative peak voltage can be defined as 
the reset voltage. Explanation will be made below in 
conformity with this definition. 

The actuator element 1 4 having the shape-retaining 
layer 26 has the following features. 

(1) The threshold characteristic concerning the 
change from the OFF state to the ON state is steep 
as compared with the case in which no shape-re- 
taining layer 26 exists. Accordingly, it is possible to 
narrow the deflection width of the voltage, and it is 
possible to mitigate the load on the circuit. 

(2) The difference between the ON state and the 
OFF state is distinct, resulting in improvement in 
contrast. 

(3) The dispersion of threshold value is decreased, 
and an enough margin is provided for the voltage 
setting range. 

It is desirable to use, as the actuator element 14, 
an actuator element 14 which makes, for example, up- 
ward displacement (giving the separated state upon no 
voltage load and giving the contact state upon voltage 
application) because of easiness of control. 

Next, explanation will be made for the respective 
constitutive components of the actuator element 1 4, es- 
pecially for selection of materials for the respective con- 
stitutive components. 

At first, it is preferable that the vibrating section 22 
is composed of a highly heat-resistant material, be- 
cause of the following reason. That is, when the actuator 
element 1 4 has a structure in which the vibrating section 
22 is directly supported by the fixed section 24 without 
using any material such as an organic adhesive which 
is inferior in heat resistance, the vibrating section 22 is 
preferably composed of a highly heat-resistant materia! 
so that the vibrating section 22 is not deteriorated in 
quality at least during the formation of the shape-retain- 
ing layer 26. 

It is preferable that the vibrating section 22 is com- 
posed of an electrically insulative material in order to 
electrically separate the vertical selection line 40 con- 
nected with the row electrode 28a of the pair of elec- 
trodes 28 formed on the substrate 18, from the signal 
line connected with the column electrode 28b. 

Therefore, the vibrating section 22 may be com- 
posed of a material such as a highly heat-resistant metal 
and a porcelain enamel produced by coating a surface 
of such a metal with a ceramic material such as glass. 
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However, the vibrating section 22 is optimally composed 
of a ceramic. 

Those usable as the ceramic for constructing the 
vibrating section 22 include, for example, stabilized zir- 
conium oxide, aluminum oxide, magnesium oxide, tita- s 
nium oxide, spinel, mullite, aluminum nitride, silicon ni- 
tride, glass, and mixtures thereof. Stabilized zirconium - 
oxide is especially preferred because of, for example, 
high mechanical strength obtained even when the thick- 
ness of the vibrating section 22 is thin, high toughness, to 
and small chemical reactivity with the shape-retaining 
layer 26 and the pair of electrodes 28. The term "stabi- 
lized zirconium oxide" includes stabilized zirconium ox- 
ide and partially stabilized zirconium oxide. Stabilized 
zirconium oxide has a crystal structure such as cubic is 
crystal, and hence it does not cause phase transition. 

On the other hand, zirconium oxide causes phase 
transition between monoclinic crystal and tetragonal 
crystal at about 1000*0. Cracks appear during the 
phase transition in some cases. Stabilized zirconium ox- 20 
ide contains 1 to 30 mole % of a stabilizer such as cal- 
cium oxide, magnesium oxide, yttrium oxide, scandium 
oxide, ytterbium oxide, cerium oxide, and oxides of rare 
earth metals. In order to enhance the mechanical 
strength of the vibrating section 22, the stabilizer pref- 25 
erably comprises yttrium oxide. In this composition, yt- 
trium oxide is contained preferably in an amount of 1.5 
to 6 mole %, and more preferably 2 to 4 mole %. It is 
preferable that aluminum oxide is further contained in 
an amount of 0. 1 to 5 mole %. 30 

The crystal phase may be, for example, a mixed 
phase of cubic crystal + monoclinic crystal, a mixed 
phase of tetragonal crystal + monoclinic crystal, and a 
mixed phase of cubic crystal + tetragonal crystal + mon- 
oclinic crystal. However, among them : most preferred 35 
are those having a principal crystal phase composed of 
tetragonal crystal or a mixed phase of tetragonal crystal 
+ cubic crystal, from viewpoints of strength, toughness, 
and durability. 

When the vibrating section 22 is composed of a ce- *o 
ramie, a large number of crystal grains construct the vi- 
brating section 22. In order to increase the mechanical 
strength of the vibrating section 22, the crystal grains 
preferably have an average grain diameter of 0.05 to 2 
u.m, and more preferably 0.1 to 1 urn 45 

The fixed section 24 preferably composed of a ce- 
ramic. The fixed section 24 may be composed of the 
same ceramic material as that used for the vibrating sec - 
tion 22, or thefi xed section 24 may be composed of a 
ceramic material different from that used for the vibrat- so 
ing section 22. Those usable as the ceramic material for 
constructing the fixed section 24 include, for example, 
stabilized zirconium oxide, aluminum oxide, magnesium 
oxide, titanium oxide, spinel, mullite, aluminum nitride, 
silicon nitride, glass, and mixtures thereof, in the same ss 
manner as the material for the vibrating section 22. 

Especially, those preferably adopted for the sub- 
strate 1 8 used in the display device according to the em- 



bodiment of the present invention include, for example, 
materials containing a major component of zirconium 
oxide, materials containing a major component of alu- 
minum oxide, and materials containing a major compo- 
nent of a mixture thereof . Among them, those contain ing 
a major component of zirconium oxide are more prefer- 
able. 

Clay or the like is added as a sintering aid in some 
cases. However, it is necessary to control components 
of the sintering aid in order not to contain an excessive 
amount of those liable to form glass such as silicon oxide 
and boron oxide because of the following reason. That 
is, although the materials which are liable to form glass 
are advantageous to join the substrate 1 8 to the shape- 
retaining layer 26, the materials facilitate the reaction 
between the substrate 18 and the shape-retaining layer 
26, making it difficult to maintain a predetermined com- 
position of the shape-retaining layer 26. As a result, the 
materials make a cause to deteriorate the element char- 
acteristics. 

That is, it is preferable that silicon oxide or the like 
in the substrate 18 is restricted to have a weight ratio of 
not more than 3 %, and more preferably not more than 
1 %. The term "major component" herein refers to a 
component which exists in a proportion of not less than 
50 % in weight ratio. 

As described above, those usable as the shape-re- 
taining layer 26 include piezoelectric/electrostrictive lay- 
ers and anti-ferroelectric layers. However, when the pi- 
ezoelectric/electrostrictive layer is used as the shape- 
retaining layer 26, it is possible to use, as the piezoe- 
lectric/electrostrictive layer, ceramics containing, for ex- 
ample, lead zirconate, lead magnesium niobate, lead 
nickel niobate, lead zinc niobate, lead manganese nio- 
bate, lead magnesium tantalate, lead nickel tantalate, 
lead antimony stannate, lead titanate, barium titanate, 
lead magnesium tungstate, and lead cobalt niobate, or 
any combination of them. 

It is needless to say that the major component con- 
tains the compound as described above in an amount 
of not less than 50 % by weight. Among the ceramics 
described above, the ceramic containing lead zirconate 
is most frequently used as the constitutive material of 
the piezoelectric/electrostrictive layer for constructing 
the shape-retaining layer 26. 

When the piezoelectric/electrostrictive layer is com- 
posed of a ceramic, it is also preferable to use ceramics 
obtained by appropriately adding, to the ceramics de- 
scribed above, oxide of, for example, lanthanum, calci- 
um, strontium, molybdenum, tungsten, barium, niobium, 
zinc, nickel, and manganese, or any combination there- 
of or another type of compound thereof. For example, it 
is preferable to use a ceramic containing a major com- 
ponent composed of lead magnesium niobate, lead zir- 
conate, and lead titanate and further containing lantha- 
num and strontium. 

The piezoelectric/electrostrictive layer may be ei- 
ther dense or porous. When the piezoelectric/electros- 
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trictive layer is porous, its porosity is preferably not more 
than 40 

When the anti-ferroelectric layer is used as the 
shape-retaining layer 26, it is desirable to use, as the 
anti-ferroelectric layer, a compound containing a major 
component composed of lead zirconate, a compound 
containing a major component composed of lead zirco- 
nate and lead stannate, a compound obtained by adding 
lanthanum to lead zirconate, and a compound obtained 
by adding lead zirconate and lead niobate to a compo- 
nent composed of lead zirconate and lead stannate. 

Especially, when an anti-ferroelectric film, which 
contains a component comprising lead zirconate and 
lead stannate as represented by the following composi- 
tion, is applied as a film-type element such as the actu- 
ator element 14, it is possible to perform driving at a rel- 
atively low voltage. Therefore, application of such an an- 
ti-ferroelectric film is especially preferred. 

Pb 0.99 Nb 0.02[( 2r x Sn i-x)l-y Ti y]0.98°3 

wherein, 0.5<x<0.6, 0.05 < y < 0.063, 0.01 < Nb <0.03 
The anti-ferroelectric film may be porous. When the 
anti-ferroelectric film is porous, it is desirable that the 
porosity is not more than 30 %. 

It is preferable that the thickness of the vibrating 
section 22 of the substrate 18 have a dimension identi- 
cal to that of the thickness of the shape-retaining layer 
26 formed on the vibrating section 22, because of the 
following reason. That is, if the thickness of the vibrating 
section 22 is extremely thicker than the thickness of the 
shape-retaining layer 26 (if the former is different from 
the latter by not less than one figure), when the shape- 
retaining layer 26 makes shrinkage upon sintering, the 
vibrating section 22 behaves to inhibit the shrinkage. For 
this reason, the stress at the boundary surface between 
the shape-retaining layer 26 and the substrate 18 is in- 
creased, and consequently they are easily peeled off 
from each other. On the contrary, when the dimension 
of the thickness is in an identical degree between the 
both, it is easy for the substrate 18 (vibrating section 22) 
to follow the shrinkage of the shape-retaining layer 26 
upon sintering. Accordingly, such dimension of the thick- 
ness is preferred to achieve integration. Specifically the 
vibrating section 22 preferably has a thickness of 1 to 
100 urn, more preferably 3 to 50 um, and much more 
preferably 5 to 20 um. On the other hand, the shape- 
retaining layer 26 preferably has a thickness of 5 to 1 00 
urn, more preferably 5 to 50 urn, and much more pref- 
erably 5 to 30 urn. 

The pair of electrodes 28 formed on the shape-re- 
taining layer 26 are allowed to have an appropriate thick- 
ness depending on the use or application. However, the 
thickness is preferably 0.01 to 50 jam, and more prefer- 
ably 0. 1 to 5 um. The pair of electrodes 28 are preferably 
composed of a conductive metal which is solid at room 
temperature. The metal includes, for example, metal 
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simple substances or alloys containing, for example, 
aluminum, titanium, chromium, iron, cobalt, nickel, cop- 
per, zinc, niobium, molybdenum, ruthenium, rhodium, 
silver, stannum, tantalum, tungsten, iridium, platinum, 
5 gold, and lead. It is needless to say that these elements 
may be contained in an arbitrary combination. 

The displacement-transmitting member 32b of the 
displacement-transmitting section 32 preferably has a 
hardness in a degree to directly transmit the displace- 
io ment of the actuator element 1 4 to the optical waveguide 
plate 12. Therefore, those preferably used as materials 
for the displacement-transmitting member 32b include, 
for example, rubber, organic resins, organic adhesive 
films, and glass. However, it is allowable to use the elec- 
ts trode layer itself, or materials such as the piezoelectric 
materials and the ceramics described above. Those 
most preferably used include, for example, organic res- 
ins and organic adhesive films based on epoxy com- 
pounds, acrylic compounds, silicone compounds, and 
20 polyolefin compounds. Further, it is also effective to mix 
a filler with the foregoing compounds to suppress shrink- 
age upon curing. 

Those desirably used as materials for the plate 
member 32a include the materials for the displacement- 
's transmitting member 32b described above, as well as 
materials obtained by finely dispersing ceramic powder 
having a high refractive index, such as zirconia powder, 
titania powder, lead oxide powder, and mixed powder 
thereof, in an organic resin based on, for example, an 
30 epoxy, acrylic, or silicone compound, from viewpoints of 
light emission efficiency and maintenance of flatness. In 
this case, it is preferable to select a ratio of resin weight : 
ceramic powder weight - 1 : (0.1 to 10). Further, it is 
preferable to add, to the foregoing composition, glass 
35 powder having an average particle diameter of 0.5 to 10 
urn in a ratio of 1 :(0.1 to 1.0) with respect to the ceramic 
powder, because release property and contact property 
with respect to the surface of the optical waveguide plate 
12 are improved. 
40 Preferably, the flatness or the smoothness of the 
portion (surface) of the plate member 32a to contact with 
the optical waveguide plate 12 is sufficiently small as 
compared with the displacement amount of the actuator 
element 14, which is specifically not more than 1 um, 
45 more preferably not more than 0.5 urn, and especially 
preferably not more than 0.1 urn However, the flatness 
of the portion (surface) of the displacement-transmitting 
section 32 to contact with the optical waveguide plate 
12 is important in order to reduce the clearance gener- 
50 ated when the displacement-transmitting section 32 
contacts with the optical waveguide plate 12. Accord- 
ingly, there is no limitation to the foregoing flatness 
range, provided that the contact portion makes defor- 
mation in a state of contact. 
55 When the material described above is used for the 
displacement-transmitting section 32, the displace- 
ment-transmitting section 32 may be connected to the 
main actuator element 30 by stacking the displacement- 
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transmitting section 32 composed of the material de- 
scribed above by using an adhesive, or by forming the 
displacement-transmitting section 32 on the upper por- 
tion of the main actuator element 30 or on the optical 
waveguide plate 12, in accordance with, for example, a $ 
method for coating a solution, a paste, or a slurry com- 
posed of the materia! described above. 

When the displacement-transmitting section 32 is 
connected with the main actuator element 30, it is pref- 
erable to use a material for the displacement-transmit- 10 
ting member 32b which also serves as an adhesive. Es- 
pecially, in the case of the use of an organic adhesive 
film, it is also used as an adhesive by applying heat 
thereto. Therefore, the use of an organic adhesive film 
is preferred. 

The optical waveguide plate 12 has an optical re- 
fractive index with which the light 10 introduced into the 
inside thereof is totally reflected by the front and back 
surfaces without being transmitted to the outside of the 
optical waveguide plate 1 2. It is necessary for the optical 20 
waveguide plate 12 to use those having a large and uni- 
form light transmittance in the wavelength region of the 
light 10 to be introduced. The material for the optical 
waveguide plate 12 is not specifically limited provided 
that it satisfies the foregoing characteristic. However, 2s 
specifically, those generally used for the optical 
waveguide plate 12 include, for example, glass, quartz, 
light-transmissive plastics such as acrylic plastics, light- 
transmissive ceramics, structural materials comprising 
a plurality of layers composed of materials having dif- 30 
ferent refractive indexes, and those having a surface 
coating layer. 

As shown in FIG. 1 1 , the display device D according 
to this embodiment has its peripheral circuits comprising 
a vertical selection line-driving circuit 1 00 for selectively 25 
supplying a driving signal to the vertical selection lines 
40 for the driving sections 16 comprising a large number 
of actuator elements 14 arranged in the matrix configu- 
ration or in the zigzag configuration so that the actuator 
elements 14 are successively selected in one row unit, 40 
a data signal-driving circuit 102 for outputting the data 
signal in parallel to the signal lines 42 for the driving sec- 
tions 1 6 so that the data signal is supplied to the picture 
elements (actuator elements) 14 on the line (selected 
line) selected by the vertical selection line-driving circuit 
1 00 respectively, and a signal control circuit 1 04 for con- 
trolling the vertical selection line-driving circuit 100 and 
the data line-driving circuit 102 on the basis of a picture 
image signal Sv and a synchronization signal Ss to be 
inputted. 5° 

Therefore, when one row is selected by the vertical 
selection line-driving circuit 100, and the data signal is 
outputted from the data line-driving circuit 1 02, then the 
voltage is applied to the respective picture elements 
concerning the selected line in accordance with their re- 55 
spective gradations. 

A logic power source voltage for logical operation 
performed in an internal logic circuit, and two types of 
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power source voltages for the vertical selection line are 
supplied to the vertical selection line-driving circuit 100 
by the aid of a power source unit 106. The logic power 
source voltage and two types of power source voltages 
for the data line are supplied to the data line-driving cir- 
cuit 62 by the aid of the power source unit 106 in the 
same manner as described above. 

The signal control circuit 104 comprises, at its in- 
side, a timing controller, a frame memory, and an I/O 
buffer, which is constructed such that the vertical selec- 
tion line-driving circuit 100 and the data line-driving cir- 
cuit 102 are subjected to gradational control on the basis 
of the voltage modulation system via a control line 108 
communicating with the vertical selection line-driving 
circuit 100 and a control line 110 communicating with 
the data line-driving circuit 102. 

It is desirable that the vertical selection line-driving 
circuit 100 and the data line-driving circuit 102 have the 
following features. 

(1 ) The actuator element undergoes the capacitive 
load. Therefore, considering the fact that the capac- 
itive load is subjected to the driving, for example, it 
is desirable that the partial voltage ratio, which is 
applied to the capacitive load, is not less than 50% 
at the time of completion of voltage (operation volt- 
age) application for allowing the actuator element 
1 4 to make the bending displacement. 

(2) In order to obtain an displacement amount of the 
actuator element 14 which makes it possible to ex- 
press the ON state and the OFF state of the picture 
element, it is desirable that an voltage output of not 
less than 20 V can be provided. 

(3) It is desirable to consider the fact that the direc- 
tion of the output current is recognized to be bidi- 
rectional. 

(4) It is desirable that the load concerning the two- 
electrode structure in the row direction and the col- 
umn direction can be subjected to the driving. 

Two systems for the gradation control based on the 
voltage modulation system (first and second driving sys- 
tems) will be explained with reference to FIGs. 1 2 to 1 9. 

At first, assuming that the display period for one im- 
age is one field as shown in FIG. 12, for example, the 
first driving system utilizes the fact that the actuator el- 
ement 14 having the shape-retaining function makes 
displacement in an analog manner in accordance with 
the level of an applied voltage as shown in FIG. 13. In 
the fir . st driving system, the voltage to be applied to the 
picture element is divided into a plurality of voltages (di- 
vided equally or divided arbitrarily) in accordance with 
the resolving power of the gradational expression, and 
the voltage in conformity with the gradation of the picture 
element is applied to the actuator element 14. Thus, it 
is possible to achieve the gradation control based on the 
voltage control system. 

Specifically, for example, when one row is selected 
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during the selection period Ts shown in FIG. 12 by using 
the vertical selection line-driving circuit 100 shown in 
FIG. 11, the voltages corresponding to the gradations of 
the respective actuator elements 14 are applied to a 
large number of the actuator elements 14 arranged on s 
the selected line by the aid of the data line-driving circuit 
102. The respective actuator elements 14 make dis- 
placement in the first direction in accordance with the 
levels of the applied voltages. In the case of an example 
shown in FIG. 13, the displacement is made linearly to 10 
give displacement amounts of Z V Z 2 ,... 2 n for voltages 
V 1( V 2 ,... V n respectively. 

For example, as shown in FIG. 1 4, at a point of time 
at which the actuator element 14 is displaced in a dis- 
placement amount of Z 1( the distance D between the ?5 
first principal surface of the plate member 32a of the dis- 
placement-transmitting section 32 and the back surface 
of the optical waveguide plate 1 2 becomes a distance 
corresponding to the wavelength X of the light 10 (the 
light 1 0 introduced into the optical waveguide plate 12). 20 
For example, at a point of time at which the actuator el- 
ement 14 is displaced in a displacement amount of 7^, 
ideally the first principal surface of the plate member 32a 
completely contacts with the back surface of the optical 
waveguide plate 12. 2s 

When the displacement-transmitting section 32 ap- 
proaches the back surface of the optical waveguide 
plate 12 : and the distance between the first principal sur- 
face of the plate member 32a of the displacement-trans- 
mitting section 32 and the back surface of the optical 30 
waveguide plate 12 is not more than the wavelength X 
of the light 10, then the amount of the scattered light 
radiated from the surface of the optical waveguide plate 
12 is increased in accordance with the decrease in the 
distance, and thus the brightness level of the picture el- 
ement corresponding to the actuator element 14 is in- 
creased. 

This phenomenon can be explained in accordance 
with the following two bases. That is, at first, the first 
basis lies in the dot area and the contact property of the 
picture element. When the actuator element 14 makes 
displacement in the first direction, and the first principal 
surface of the plate member 32a of the displacement- 
transmitting section 32 approaches the back surface of 
the optical waveguide plate 12, then, in general, a part 
of the plate member 32a contacts with the back surface 
of the optical waveguide plate 12, and the contact por- 
tion between the plate member 32a and the optical 
waveguide plate 12 is increased in accordance with the 
increase in the displacement amount of the actuator el- 
ement 1 4. The increase in the area of the contact portion 
brings about the increase in the amount of the light (scat- 
tered light) reflected by the surface of the plate member 
32a, resulting in the increase in the brightness level of 
the picture element corresponding to the actuator ele- 
ment 14. On the contrary, when, the displacement 
amount of the actuator element 14 is decreased, and 
the plate member. 32a is separated from the optical 



waveguide plate 12, then the brightness level of the pic- 
ture element is decreased depending on the width of 
separation D therebetween. 

The second basis can be explained as follows in 
accordance with the evanescent effect. In general, as 
shown in FIG. 14, a region (evanescent region) 120, 
which is brought about on account of discharge of light 
(evanescent wave), exists, for example, around the 
back surface of the optical waveguide plate 12. The 
depth dp of the evanescent region 120 represents a 
depth at which the energy value of the evanescent wave 
is 1/e at the boundary between the optical waveguide 
plate 1 2 and the external space (the back surface of the 
optical waveguide plate 12 in this embodiment). The 
depth dp is given by the following expression (1). The 
energy E of the evanescent wave is given by the follow- 
ing expression (2). 

dp = X/[2nn, V{sin 2 9 - (n 2 /n n ) 2 }] (1 ) 

E = exp{-(D/dp)} (2) 

In the expression, X represents the wavelength, of 
the light 10, and 0 represents the angle-(angle of inci- 
dence) at which the light 10 comes from the optical 
waveguide plate 1 2 into the external space as shown in 
FIG. 14. Further, n 1 represents the optical refractive in- 
dex of the optical waveguide plate 1 2, and n2 represents 
the optical refractive index of the external space. 

According to the expression ( 1 ), it can be postulated 
that the depth dp is increased as the wavelength X of 
the light 10 is increased, and the depth dp is increased 
3 $ as the angle of incidence 9 approaches the critical an- 
gle. As shown in the expression (2), the energy E of the 
evanescent wave is increased as the object approaches 
the back surface of the optical waveguide plate 12, and 
the energy E is attenuated exponentially as the object 
40 is separated from the back surface of the optical 
waveguide plate 1 2. The amount of light (scattered light 
70) reflected by the surface of the plate member 32a of 
the displacement-transmitting section 32 is proportional 
to the energy E of the evanescent wave. Accordingly, 
45 the amount of scattered light 70 is increased as the plate 
member 32a approaches the back surface of the optical 
waveguide plate 12, and the amount of light 70 is de- 
creased exponentially as the plate member 32a is sep- 
arated from the back surface of the optical waveguide 
so plate 1 2. 

During the NO selection period Tu ranging from the 
point of time of completion of the selection period Ts to 
the point of time of application of the reset pulse Pr, the 
actuator element 14 continues to retain the displace- 
55 ment amount determined upon the completion of the se- 
lection period over the NO selection period Tu, owing to 
the shape-retaining effect exerted by the shape-retain- 
ing layer 26 of the actuator element 14. Accordingly, the 
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light emission state of the picture element is maintained 
for a certain period of time. 

Next, the second driving system will be explained 
with reference to FIGs. 15 to 19. In the second driving 
system, the time control differs depending on whether a 
still image is displayed on the surface of the optical 
waveguide plate 12, or an animation image is displayed 
thereon. 

Specifically, when a still image is displayed, it is as- 
sumed that the period for displaying one image included 
in the animation image is one field as shown in FIG. 1 5A. 
As shown in FIG. 15B, the minimum display period Tsi 
of the still image (minimum still image display term) is 
set as a period which is fairly longer than the one field. 
The minimum still image display period Tsi corresponds 
to the period ranging from the point of time ts to start 
display of one image to the point of time tr to perform 
refresh, which is determined by the structure of the dis- 
play device (for example, CRT, liquid crystal display, and 
plasma display). For example, in the case of CRT having 
no memory function, one field is set in the same manner 
as the case of display of the animation image. In the 
case of the liquid crystal display and the plasma display, 
the minimum still image display period Tsi is set while 
considering the discharge time of the liquid crystal and 
the plasma. 

Unlike CRT, the liquid crystal display and the plas- 
ma display have the memory function. Therefore, in 
general, the minimum still image display period Tsi is set 
as a period which is longer than one field- 
As shown in FIGs. 1 6A to 1 6C, in the second driving 
system for the display device D according to the embod- 
iment of the present invention, a driving signal, which 
has one or more minute pulses P1 to P6, is supplied, at 
the point of time tO to start row scanning, to the respec- 
tive actuator elements 14 corresponding to the group of 
picture elements selected by the vertical selection line- 
driving circuit 100, by the aid of the data line-driving cir- 
cuit 102. FIG. 16A shows a timing chart illustrating an 
example in which the driving signal is supplied in one 
row unit to the picture element group included in a cer- 
tain column. FIG. 16B shows a waveform used when 
the driving signal is supplied to the actuator element 
(picture element) 14 in an arbitrary row included in the 
column. FIG. 16C shows the change in display bright- 
ness obtained when the driving signal is supplied. This 
embodiment represents, for example, a case in which 
display is performed with gradation levels of 4 (P1 to P4) 
while the maximum gradations are 6 (minute pulses P1 
to P6). 

As also understood from FIG. 16B, the driving sig- 
nal includes minute pulses of a number corresponding 
to gradation levels to be displayed by the picture ele- 
ment. The pulse cycle Tpc is designed as a period which 
is equal to the period (minute pulse scanning period) Tss 
for selecting all rows (first row to nth row) by using the 
vertical selection line-driving circuit 100, or which is 
shorter than the minute pulse scanning period Tss. Of 



course, the pulse cycle Tpc maybe set to be longer than 
the minute pulse scanning period Tss. In the examples 
shown in FIGs. 16A and 16B, the pulse cycle Tpc of the 
minute pulse is set to be identical with the minute pulse 
s scanning period Tss. 

In this embodiment, the minute pulse, which has an 
extremely short pulse width, is used as the pulse signal 
applied to the actuator element 14. Therefore, each of 
the minute pulse scanning periods (Tss) is extremely 
10 short. The period (minute pulse application period) Tpi, 
which ranges from the point of time tO to start scanning 
to the point of time t6 (= ts) of completion of the scanning 
period (Tss) of the minute pulse P6 corresponding to the 
maximum gradation 6, is also extremely short as corn- 
's pared with the minimum still image display period Tsi. 

When one minute pulse is applied to the actuator 
element 14, the actuator element 14 makes displace- 
ment in the first direction in an amount corresponding to 
the energy (electric power) of the pulse. This phenom- 
20 enon is shown in FIG. 1 7. FIG. 17 is obtained by observ- 
ing the output intensity of a photodiode provided at a 
portion corresponding to a measurement objective ac- 
tuator element 14 on the surface of the optical 
waveguide plate 12, while applying various voltages to 
25 the actuator element 14. 

As understood from FIG. 17, the picture element 
corresponding to the actuator element 14 emits light at 
the point of time at which the minute pulse P having a 
peak value of 1 30 V is applied to the actuator element 
30 1 4. Further, the picture element is quenched at the point 
of time at which the reset pulse Pr having a peak value 
of -50 V is applied. 

As described above, the actuator element 1 4 makes 
displacement in the amount corresponding to the elec- 
ts trie power of the minute pulse P. Accordingly, as shown 
in FIG. 18, when the displacement amount of the actu- 
ator element 14 caused by application of one minute 
pulse P1 is defined as one offset amount Zo1 , the actu- 
ator element 1 4 makes displacement in an amount of 2 
^o offset amounts 2o2 in accordance with application of 
two minute pulses P1 and P2. The actuator element 14 
makes displacement in an amount of 3 offset amounts 
Zo3 in accordance with application of three minute puls- 
es P1 to P3. The actuator element 14 makes displace- 
45 ment in an amount of 4 offset amounts Zo4 in accord- 
ance with application of four minute pulses PI to P4. In 
general, the actuator element 14 makes displacement 
in an amount of n offset amounts Zon in accordance with 
application of n individuals of minute pulses P1 to Pn. 
so in this embodiment, as described above, the con- 
tact area of the plate member 32 with respect to the back 
surface of the optical waveguide plate 12 is increased 
in accordance with the increase in the displacement 
amount of the actuator element 14. In other words, as 
55 shown in FIG. 14, the entering amount t into the eva- 
nescent region 120 existing around the back surface of 
the optical waveguide plate 12 is increased in accord- 
ance with the increase in the displacement amount of 
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the actuator element 14. Accordingly, as shown in FIG. 
16C, the display brightness of the picture element cor- 
responding to the actuator element 1 4 is also increased 
from El to E4. That is, the gradation of the picture ele- 
ment is controlled by the number of the minute pulses P. 5 

At the stage at which the minute pulse application 
period Tpi (see FIG. 16A) has passed, the actuator el- 
ement 14 continues to retain the displacement amount 
determined upon completion of the minute pulse appli- 
cation periodTpi, owingto the shape-retaining effect ex- io 
erted by the shape-retaining layer 26 of the actuator el- 
ement 14. Thus, the light emission state of the picture 
element is maintained for a certain period of time. 

When a still image is displayed on the surface of the 
optical waveguide plate 12, one minute pulse (refresh is 
pulse) Prt is applied to the actuator element 14 before 
the passage of a certain period after completion of the 
minute pulse application period Tpi, i.e., before the de- 
crease of the displacement amount of the actuator ele- 
ment 14. This operation is successively performed for 20 
all of the actuator elements 14. 

Owing to the application of the refresh pulse Prf to 
the actuator element 14, the displacement amount of 
each of the actuator elements 14 is restored to the dis- 
placement amount obtained upon the point of time of 25 
completion of the minute pulse application period Tpi. 
The displacement of the actuator element 14 is further 
maintained for a certain period. The still image is dis- 
played on the surface of the optical waveguide plate 12 
by successively repeating the foregoing operation. 30 

When a still image is displayed in accordance with 
the first driving system explained on the basis of FIGs. 
11 and 12, for example, as shown in FIG. 15 B, the re- 
fresh voltage subjected to analog adjustment in con- 
formity with the display image may be applied to each 35 
of the actuator elements 14 by the aid of the data line- 
driving circuit 102 upon the time of completion of the 
minimum still image display period Tsi. 

Next, explanation will be made for the display of an 
animation image on the surface of the optical waveguide 40 
plate 12 in accordance with the second driving method. 
When the animation image is displayed, the procedure 
is basically the same as that used for the display of the 
still image described above. However, as shown in FIG. 
1 9, the former is different from the latter in that assuming 45 
that the period for displaying one image is one field, a 
reset pulse Pr, which has a voltage sufficient to reset the 
displacement of the actuator element 14, is applied up- 
on completion of each field by the aid of the data line- 
driving circuit 102. so 

In this embodiment, the minute pulse application 
period Tpi immediately ends. Therefore, the period (re- 
set scanning period) Trs fcr applying the reset pulse Pr 
to all of the picture elements does not interfere with the 
minute pulse application period Tpi. The reset scanning ss 
period Trs can be set to be longer than the minute pulse 
application period Tpi. This results in successful prolon- 
gation of the time of application of the reset pulse Pr to 



each of the picture elements. Accordingly, it is possible 
to reliably rest the displacement of each of the picture 
elements. 

As described above, in the second driving method, 
it is enough to apply the minute pulse signal to the ac- 
tuator element 14 in the amount corresponding to its 
gradation. Accordingly, it is possible to perform extreme- 
ly high speed row scanning, and it is possible to easily 
deal with high quality image display. 

Especially, it is unnecessary to use any D/A con- 
verter for converting the digital data into the analog sig- 
nal. Moreover, it is unnecessary to perform, for example, 
complicated voltage change and complicated voltage 
selection even when the range of the display gradation 
is wide. Therefore, it is possible to suppress the number 
of settings for the voltage use to the minimum, and it is 
possible to realize simplification of the arrangement of 
the peripheral circuit system (including the first and sec- 
ond driving circuits). 

When the still image is displayed on the display sur- 
face of the optical waveguide plate 1 2, the displacement 
state of each of the actuator elements 1 4 is restored to 
the gradation level by periodically applying the refresh 
pulse Prf to each of the actuator elements 1 4. Therefore, 
the display of the still image can be maintained for a 
period not shorter than the minimum stilLimage display 
period Tsi. Accordingly, the display device of the present 
invention is preferably used for a so-called electronic 
poster or the like which is one of application examples 
of the still image display. This is also true when the still 
image is displayed in accordance with the first driving 
system. 

When the animation image is displayed on the dis- 
play surface of the optical waveguide plate 12, only the 
following operation is performed. That is, the minute 
pulse signal is applied in the number of times corre- 
sponding to the gradation at the point of time tO to start 
one field, and the reset pulse Pr is applied at the point 
of time of completion of the one field. It is unnecessary 
to apply the voltage or the like to the actuator element 
14 during the foregoing period. Therefore, it is possible 
to greatly reduce the electric power consumption re- 
quired to drive the actuator element 14. Moreover, it is 
possible to provide enough time for the signal process- 
ing. As a result, the display device of the present inven- 
tion can easily deal with evolution to more high speed 
processing, for example, display of high-definition tele- 
vision images and display of computer graphic images. 

The maximum gradation is 6 in the embodiment de- 
scribed above, however, the maximum gradation may 
be not less than 7. In the case of a constant pulse width 
and a constant amplitude, the minute pulse application 
period Tpi is prolonged in accordance with the number 
of the maximum gradations. Therefore, there is a likeli- 
hood that the animation image display suffers from 
shortage of brightness. For this reason, it is preferable 
that the pulse width and/or the amplitude of each of the 
minute pulse signals is set in consideration of the max- 
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imum display gradations and the allowable minute pulse 
application period Tpi. 

As described above, the depth dp of the evanescent 
region 120 is increased as the wavelength X of the light 
10 is increased, and the depth dp is increased as the s 
angle of incidence G of the light 10 with respect to the 
optical waveguide plate 12 approaches the critical an- 
gle. Therefore, when it is assumed that the red, green, 
and blue light fluxes are introduced from the light source 
200 to the optical waveguide plate 12, the depth dp of io 
the evanescent region 120 and the energy distribution 
of the evanescent wave differ for each of the light fluxes, 
because the respective light fluxes have different wave- 
lengths. 

Accordingly, the displacement amount (one offset *5 
amount Zol) of the actuator element 1 4, which is brought 
about by application of one minute pulse, can be arbi- 
trarily adjusted separately for R/G/B by setting the pulse 
width and the amplitude of the minute pulse P separately 
for R/G/B. Thus, it is possible to easily improve the 20 
brightness and improve the contrast. 

The angle of incidence 0 of the light with respect to 
the optical waveguide plate 12 may be set depending 
on the wavelength X of the light introduced into the op- 
tical waveguide plate 12. For example, the position of 25 
-the light source 200 is deviated separately for R/G/B, or 
three types of light sources 200 are installed corre- 
sponding to R/G/B. Accordingly, it is possible to obtain 
an approximately identical energy distribution of the ev- 
anescent wave for the respective light fluxes (R/G/B), 30 
and it is possible to effectively correct dispersion of the 
brightness among the respective light fluxes (R/G/B). 

Changeover of R/G/B can be realized by utilizing a 
mechanical shutter or an ON/OFF switch for the RGB 
light source such as hot cathode tubes, cold cathode 35 
tubes, light emitting diodes, and lasers. Alternatively, 
changeover of R/G/B can be realized by using, for ex- 
ample, three primary color filters, complementary color 
filters, opaque members obtained, for example, by dis- 
persing a coloring matter such as a pigment in a resin 40 
or the like, and fluorescent members in combination. 

When the light 10, which is radiated from the light 
source 200 to be introduced into the optical waveguide 
plate 12, is visible light, there is a likelihood that scat- 
tered light may be produced due to defects (for example, 45 
flaws and foreign matters) in the optical waveguide plate 
12, sometimes resulting in deterioration of contrast. 

In the display device D according to the embodi- 
ment described above, the image is displayed by con- 
trolling the displacement action of each of the actuator so 
elements 1 4 in the direction to make contact or separa- 
tion with respect to the optical waveguide plate 12 so 
that the leakage light 70 is controlled at the predeter- 
mined position of the optical waveguide plate 12. How- 
ever, if the contact of the picture element is incomplete, ss 
there is a likelihood that the display brightness is de- 
creased. In order to solve this problem, it is conceived 
that the displacement-transmitting section 32 is con- 



structed by using a flexible material. However, another 
problem arises in that such a system is disadvanta- 
geous in response performance. 

As shown in FIGs. 20 and 21. in the modified em- 
bodiments Da and Db described below, of the display 
device according to the embodiment of the present in- 
vention, invisible light is used as the light 10 which is 
radiated from the light source 200 to be introduced into 
the optical waveguide plate 12. The picture element is 
formed with a fluorescent element (fluorescent layer 202 
in the embodiments shown in FIGs. 20 and 21 ) which is 
excited by the invisible light 10 to emit predetermined 
visible light 204. 

The display device Da according to the first modi- 
fied embodiment shown in FIG. 20 represents a case in 
which the fluorescent layer 202 is formed on the upper 
surface of the plate member 32a of the displacement- 
transmitting section 32. The display device Db accord- 
ing to the second modified embodiment shown in FIG. 
21 represents a case in which the fluorescent layer 202 
is formed in place of the plate member 32a. Those us- 
able as the invisible light 10 include ultraviolet light and 
infrared light, however, any of them may be used. The 
arrangement of the other components or parts is the 
same as that of the display device D according to the 
embodiment of the present invention shown in FIG. 1, 
detailed explanation of which will be omitted. 

Specified examples of the display devices Da and 
Db according to the first and second modified embodi- 
ments will be described. For example, an infrared light 
source can be used as the light source 200, and a fluo- 
rescent element based on infrared light excitation can 
be used as the light-emitting element (the fluorescent 
layer 202 in the embodiments shown in FIGs. 20 and 
21) formed on the picture element. In such an arrange- 
rnent, there is no special limitation for the infrared light- 
excited fluorescent element. Those usable as the infra- 
red light-excited fluorescent element include, for exam- 
ple, those based on the use of the infrared stimulation 
effect, the quantum counting function, and the multi- 
stage energy transfer. 

In the display devices Da and Db, a stimulus fluo- 
rescent element can be used while using the infrared 
light and the stimulation exciting light source in combi- 
nation. When color display is performed, three kinds of 
fluorescent materials, which exhibit red, green, and blue 
light emissions as three primary colors of light respec- 
tively, can be used to arrange them in a two-dimensional 
pattern so that an image is formed. 

The light source 200 is not specifically limited, pro- 
vided that it includes the light having a wavelength nec- 
essary to excite the fluorescent element, and it has an 
energy density sufficient for excitation. Those preferably 
used for the infrared exciting fluorescent element in- 
clude, for example, infrared lasers and halogen lamps. 

As described above, in the display devices Da and 
Db according to the first and second modified embodi- 
ments, the invisible light is used as the light 10 to be 
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introduced into the optical waveguide plate 12. Accord- 
ingly, visible light emission, which would be otherwise 
caused by those other than light emission brought about 
by the picture element, completely disappears in the op- 
tical waveguide plate 12. Therefore, the display devices 
Da and Db are advantageous to improve the contrast. 

Further, the depth dp of the effective evanescent re- 
gion 120 (see FIG. 14) can be made large by adjusting 
the energy density, the wavelength, and the angle of in- 
cidence of the invisible light 10 radiated from the light 
source 200. Therefore, it is possible to perform display 
having large brightness even when the contact of the 
picture element is incomplete. 

In these embodiments, the design in which the con- 
tact property of the picture element is considered (the 
design based on the use of flexible materials) can be 
improved into a design in which the rigidity is high and 
the importance is attached to response performance. 
Such a design leads to realization of a high speed for 
row scanning, making it extremely easy to realize high 
quality image display. 

As for the modulation system for the gradation con- 
trol, it is possible to apply all of the voltage modulation 
systems and the time modulation systems as described 
above. Especially, when the voltage modulation system 
is used, the depth dp of the effective evanescent region 
1 20 is increased, which is advantageous to achieve mul- 
ti-stage gradation. 

Especially, as shown in FIG. 20, for example, it is 
assumed that the angle of incidence of the invisible light 
10 from the light source 200 to the side surface of the 
optical waveguide plate 12 is 9, and the angle of inci- 
dence with respect to air obtained when the invisible 
light 10 arrives at the surface of the optical waveguide 
plate 12 is 8W. The advantage is increased as the en- 
ergy density is increased, as the wavelength is in- 
creased, and as the angle of incidence 0 is increased 
(provided that it is an essential condition that the angle 
of incidence 6W is larger than the critical angle). 

It is a matter of course that the display device ac- 
cording to this invention is not limited to the embodi- 
ments described above, which may adopt other various 
forms without deviating from the gist or essential char- 
acteristics of this invention. 

As described above, according to the display device 
of the present invention, the time required to perform 
row scanning can be shortened drastically, and it is pos- 
sible to easily deal with the high quality image display. 
Further, it is unnecessary to perform, for example, com- 
plicated voltage change and voltage selection even 
when the range of display gradation is widened, it is pos- 
sible to restrain the number of settings of the use of volt- 
age to the minimum, and it is possible to realize a sim- 
plified arrangement of the peripheral circuit system (in- 
cluding the driving circuit). 

It is possible to exhibit the function as the display 
by utilizing, at the maximum, the memory function of the 
shape-retaining layer (the piezoelectric/electrostrictive 



layer and the an ti -ferroelectric layer) of the actuator el- 
ement for constructing the picture element, and it is pos- 
sible to realize stabilization of light emission and stabi- 
lization of display brightness (gradation). Moreover, the 
5 selection period for the picture element is minimized to 
make it possible to effectively reduce electric power con- 
sumption. 



10 Claims 



1 . A display "device comprising: 

an optical waveguide plate (12) for introducing 
light (10) radiated from a light source (200) 
thereinto; and 

a driving section (1 6) for controlling display gra- 
dation by changing an entering amount (t) into 
an evanescent region (120) which exists 
around a first principal surface of said optical 
waveguide plate (12). 
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2. The display device according to claim 1 , wherein 
said driving section (16) is provided with actuator 
elements (14) arranged opposingly to said first prin- 
cipal surface of said optical waveguide plate (12), 
and having a number corresponding to a large 
number of picture elements, wherein: 

a picture image corresponding to an image 
30 signal is displayed on said optical waveguide plate 
(1 2). by controlling leakage light at a predetermined 
portion of said optical waveguide plate (12) by con- 
trolling displacement action of each of said actuator 
elements (1 4) in a direction to make contact or sep- 
3S aration with respect to said optical waveguide plate 
(12) in accordance with an attribute of said image 
signal to be inputted. 
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3. The display device according to claim 2, wherein: 

said actuator element (12) comprises a shape- 
retaining layer (26), an operating section (30) 
having at least a pair of electrodes (28a, 28b) 
formed on said shape-retaining layer (26), a vi- 
brating section (22) for supporting said operat- 
ing section (30), and a fixed section (24) for 
supporting said vibrating section (22) in a vi- 
brating manner; said display device further 
comprising: 

a displacement-transmitting section (32) for 
transmitting said displacement action of said 
actuator element (1 4) to said optical waveguide 
plate (12), said displacement action being gen- 
erated by voltage application to said pair of 
electrodes (28a, 28b). 

4. The display device according to claim 1, further 
comprising: 
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a first driving circuit (100) for selecting said ac- 
tuator element (14) at least in one row unit, a 
second driving circuit (102) for outputting dis- 
play information for a selected row, and a signal 
control circuit (104) for controlling said first and s 
second driving circuits (100, 102), wherein: 
said signal control circuit (104) controls said 
first and second driving circuits (100, 102) so 
that gradation is controlled at least by means 
of a voltage modulation system. 10 

5. The display device according to claim 4, wherein 
shic sirjnal control circuit (104) analog-controls a 
votuqe which is applied by the aid of said second 

dr rv nqctrcuii (102) depending on display gradation, * s 
upon «,eie:tion lor said actuator element (14). 

6. The OivpLty device according to claim 4, wherein 
when stiii irvtqc is displayed on a display surface 

ol s.-ikj o^ Crtl wrt voquide plate (12), a refresh volt- 20 
age wtmji ii> buojeued to analog adjustment in ac- 
cordance win n display image : is applied to each 
of said Hcturttof elements (1 4) by the aid of said sec- 
ond dnvmq circuit (102) upon completion of a min- 
imum ciiii irrugc display period. 25 

7. The dispUy device according to claim 4, wherein 
upon selection for said actuator element (14), said 
signal control circuit (104) changes a number of 
times of npphcalion of minute pulse signals applied 30 
by the aid of said second driving circuit (102) in ac- 
cordance with display gradation. 

8. The display device according to claim 7, wherein a 
pulse width and/or an amplitude of said minute 35 
pulse signal is set while considering maximum dis- 
play gradation. 

9. The display device according to claim 7, wherein a 
pulse width and/or an amplitude of said minute 40 
pulse signal is set depending on a wavelength of 
said light introduced into said optical waveguide 
plate (12). 

1 0. The display device according to claim 4, wherein an 45 
angle of incidence of said light with respect to said 
optical waveguide plate (12) is set depending on a 
wavelength of said light (10) introduced into said op- 
tical waveguide plate (12). 

so 

11. The display device according to claim 7, wherein 
when a still image is displayed on a display surface 
of said optical waveguide plate (1 2), a refresh pulse 
comprising at least one of said minute pulse signals 

is applied to each of said actuator elements (1 4) by 55 
the aid of said second driving circuit (102) upon 
completion of a minimum still image display period. 



12. The display device according to claim 4, wherein 
when an animation image is displayed on a display 
surface of said optical waveguide plate (12), as- 
suming that a period to display one image included 
in said animation image is one field, a reset voltage, 
which is sufficient to reset displacement of said ac- 
tuator element (1 4) : is applied by the aid of said sec- 
ond driving circuit (102) upon completion of each 
field. 

13. A display device comprising: 

an optical waveguide plate (12) for introducing 
light thereinto; 

a large number of actuator elements (14) pro- 
vided opposingty to one plate surface of said 
optical waveguide plate (1 2) and disposed cor- 
responding to a large number of picture ele- 
ments; 

a displacement-transmitting section (32) for 
transmitting displacement action of said actua- 
tor element (1 4) to said optical waveguide plate 
(12); and 

a driving section (1 6) for controlling display gra- 
dation by changing a contact area and a contact 
property of said displacement-transmitting sec- 
tion (32) in accordance with said displacement 
action performed by said actuator element ( 1 2). 

14. The display device according to claim 13, further 
comprising: 

a first driving circuit (100) for selecting said ac- 
tuator element (14) at least in one row unit, a 
second driving circuit (102) for outputting dis- 
play information for a selected row, and a signal 
control circuit (104) for controlling said first and 
second driving circuits (100, 102), wherein: 
said signal control circuit (104) controls said 
first and second driving circuits (100, 102) so 
that gradation is controlled at least by means 
of a voltage modulation system. 

15. The display device according to claim 14, wherein 
said signal control circuit (104) analog-controls a 
voltage which is applied by the aid of said second 
driving circuit (102) depending on display gradation, 
upon selection for said actuator element (14). 

16. The display device according to claim 14, wherein 
when a still image is displayed on a display surface 
of said optical waveguide plate (12), a refresh volt- 
age, which is subjected to analog adjustment in ac- 
cordance with a display image, is applied to each 
of said actuator elements (1 4) by the aid of said sec- 
ond driving circuit (102) upon completion of a min- 
imum still image display period. 
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17. The display device according to claim 14, wherein 
upon selection for said actuator element (14), said 
signal control circuit (104) changes a number of 
times of application of minute pulse signals applied 

by the aid of said second driving circuit (1 02) in ac- s 
cordance with display gradation. 

18. The display device according to claim 17, wherein 
a pulse width and/or an amplitude of said minute 
pulse signal is set while considering maximum dis- io 
play gradation. 

19. The display device according to claim 17, wherein 
a pulse width and/or an amplitude of said minute 
pulse signal is set depending on a wavelength of is 
said light introduced into said optical waveguide 
plate (12). 

20. The display device according to claim 14, wherein 

an angle of incidence of said light with respect to 20 
said optical waveguide plate (12) is set depending 
on a wavelength of said light introduced into said 
optical waveguide plate (12). 

21. The display device according to claim 17, wherein 2s 
when a still image is displayed on a display surface 

of said optical waveguide plate (12), a refresh pulse 
comprising at least one of said minute pulse signals 
is applied to each of said actuator elements (14) by 
the aid of said second driving circuit (102) upon 30 
completion of a minimum still image display period. 

22. The display device according to claim 14, wherein 
when an animation image is displayed on a display 
surface of said optical waveguide plate (12), as- 35 
suming that a period to display one image included 

in said animation image is one field, a reset voltage, 
which is sufficient to reset displacement of said ac- 
tuator element (14), is applied by the aid of said sec- 
ond driving circuit (102) upon completion of each 40 
field. 
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(54) Display device 



(57) Disclosed is a display device comprising an op- 
tical waveguide plate (12) for introducing light (10) radi- 
ated from a light source (200) thereinto, in which the dis- 
play gradation is controlled by changing the entering 
amount (t) into an evanescent region (120) existing 
around the back surface of the optical waveguide plate 
(12). In the present invention, an actuator element (14) 
is provided, which makes bending displacement in a di- 
rection to make approach to the optical waveguide plate 
(12) in accordance with voltage application to a pair of 



electrodes (23a, 28b). A plate member (32a) of a dis- 
placement-transmitting section (32) for determining the 
picture element area is provided on the actuator element 
(1 4). The entering amount (t) of the plate member (32a) 
into the evanescent region (120) is changed by control- 
ling voltage application to the actuator element (14) so 
that display gradation of the picture element corre- 
sponding to the actuator element (14) is controlled. Ac- 
cordingly, the time required to perform row scanning is 
drastically shortened, and it is possible to easily deal 
with high quality image display 
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